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ABSTRACT 
Atmospheric CO2 varied considerably in the past; however, the mechanisms that 
drive this variability are poorly understood.  CO2 is linked to marine primary productivity 
through the biological carbon pump (BCP), leading to hypotheses that past increases in 
BCP efficiency in areas such as the Southern Ocean may have contributed to glacial CO2 
drawdown (Sarmiento & Toggweiler, 1984).  Productivity has varied considerably in the 
past, but the extent, timing, and impacts remain poorly understood.   
The Subantarctic South Pacific is an area of the ocean that is crucial to the 
understanding of both glacial climate and paleo-export productivity. Unfortunately, few 
studies have investigated the central South Pacific because it is so remote.  The sediment 
core MV0502-04JC was recovered from the Subantarctic South Pacific in February-
March 2005 at 50°S. The results of this study will be compared with data from ODP Leg 
189, Site 1171, also in the Subantarctic South Pacific.  Data from these cores will be used 
to evaluate glacial/interglacial paleo-export production and terrigenous provenance using 
bulk sediment geochemical proxies, including detailed P geochemistry, P, Ba, and metal 
elemental ratios, and Baxs.  The results of this research suggest each site has variable 
terrigenous provenance that may have relatively different Fe content.  Export production 
at MV0502-4JC is invariant down core; however, Site 1171 does exhibit 
glacial/interglacial variations in export production. 
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CHAPTER 1 
 
INTRODUCTION AND SIGNIFICANCE 
 
 With current concerns over future climate change, understanding the mechanisms 
that contributed to past climate change and the subsequent responses by the biosphere are 
of great importance.  One component of the climate system that remains poorly 
understood is how marine biological productivity may have either forced or responded to 
climate change in the past by contributing to the modulation of atmospheric CO2.  
Knowledge of biological forcing and responses to climate change are crucial to 
understanding the glacial/interglacial climate system and better predicting future climate 
change. However, a lack of detailed age models and cores of sufficient sample resolution 
as well as unequal coverage of study sites within the Southern Ocean, makes the timing 
and extent of productivity variations difficult to assess. 
 Atmospheric CO2 has varied considerably on glacial/interglacial timescales 
(Figure 1), with values oscillating between 280-180 ppmv (Petit et al., 1999).  Previous 
investigations of carbon reservoirs that exchange CO2 with the atmosphere concluded the 
ocean must be driving the climate-related changes in atmospheric CO2 rather than the 
terrestrial biosphere, for example (Toggweiler, J.R., 1999 and Sigman and Boyle, 2000) 
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Figure 1.  From Petit et al., 1999, variation in levels of atmospheric CO2 given by the recorded gas levels in the Vostok 
ice core from Antarctica. Specifically, the record shows that during peak glacial periods, atmospheric CO2 is lower than 
in peak interglacial periods.  The record shown here is of interest as it demonstrates that atmospheric CO2 has been an 
early variable to change at the termination of a glacial maxima. 
 
 Unfortunately, the driving mechanism for these variations in atmospheric CO2 
remain poorly understood.  Air-sea transfer of CO2 is predominately controlled by the 
partial pressure of CO2 (PCO2).  The transfer of CO2 to the ocean becomes possible when 
the partial pressure of CO2 in the atmosphere is greater than the dissolved concentration 
of CO2 in surface waters.  Likewise, transfer out of the ocean is possible when the partial 
pressure of CO2 in the atmosphere is lower than the concentration of the surface water.  
The PCO2 of the surface water is controlled by two main factors, temperature and ocean 
chemistry.  CO2 is more soluble in cooler water, allowing for the drawdown of additional 
CO2 from the atmosphere during glacial conditions (Henry’s Law).  Equation 1: 
KH ≈ [CO2] aq           
      PCO2 
 
Where: [CO2] = the amount of CO2 dissolved in water 
                      
                     PCO2 = the partial pressure of CO2 in the atmosphere 
 
                                        KH = Henry’s Law constant for a given temperature and pressure 
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If: [CO2] aq > PCO2 then CO2 is partitioned into the atmosphere 
 
    [CO2] aq < PCO2 then CO2 is partitioned into surface waters 
 
Sigman and Boyle (2000) suggest that the colder glacial ocean could have lowered 
atmospheric CO2 concentrations because more CO2 could be sequestered in the oceans.  
When the oceans warm, that CO2 is released back into the atmosphere, but this accounts 
for only a small percentage of glacial/interglacial CO2 variability.  Other theories 
explaining the variation include changes in ocean stratification, which may have limited 
air-sea exchange of CO2 resulting from increased sea ice cover and/or sluggish 
circulation due to a reduction of North Atlantic Deep Water formation (Francois et al., 
1997). An additional explanation includes changes in the efficiency of nutrient uptake 
and changes in the distribution of macro and micro-nutrients (Knox and McElroy, 1984).  
 CO2 is linked to primary productivity in the oceans through the biological carbon 
pump (BCP), a process in which dissolved CO2 at the surface of the ocean is removed 
throughout the photic zone by marine organisms that use dissolved C to form organic 
tissues and by organisms, such as foraminifera and coccolithophores, that use C to form 
carbonate tests.  When these creatures die or are consumed, they may transfer carbon 
from the surface to deeper depths in the ocean as marine snow or fecal pellets.  This 
carbon is then stored in deepwater or sediments.  The amount of carbon that is removed 
from the surface ocean rather than recycled as a result of microbial processes is termed 
export production.  If we assume that nutrient recycling efficiency is constant, then 
export production is equal to new productivity and can approximate increased C burial.  
If CO2 is stored in sediments as marine organic matter and sedimentary carbonate, it is 
potentially removed from the easily exchangeable C reservoir for thousands to millions of 
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years.  As organisms remove dissolved CO2, more atmospheric CO2 is able to dissolve 
into surface waters according to Henry’s Law.  In other words, as the efficiency of the 
BCP increases, more CO2 is removed from the surface oceans thereby allowing more 
atmospheric CO2 to be removed from the atmosphere.  Models have suggested that 
changes in the efficiency of the BCP in key regions may explain glacial to interglacial 
CO2 variability (Sarmiento and Toggweiler, 1984; Keir, 1990; Sarmiento and Orr, 1991).   
In high nutrient-low chlorophyll (HNLC) regions like the Southern Ocean (also the 
equatorial Pacific and sub-Arctic North Pacific), nutrient utilization is lower than the 
nutrient supply because organisms fail to deplete the nutrients from the surface waters.  
In the polar oceans, this inefficiency is likely due to a combination of light and iron 
limitation (Sarmiento and Gruber, 2006).  Martin (1990) originally proposed the “Iron 
Hypothesis”, which suggests that increased aridity during the last glaciation increased the 
supply of dust-Fe to the Southern Ocean.  The increased nutrients, theoretically, fueled 
primary productivity and subsequently caused atmospheric CO2 drawdown during glacial 
intervals.  However, how and if iron fertilization occurred in the past is still not well 
understood (Anderson et al., 1998; Latimer and Filippelli, 2007).  In addition, exactly 
how productivity varied on these time scales is unknown.  Paleoproductivity proxies for 
the Southern Ocean have yielded conflicting results.  In fact, all possible scenarios have 
been suggested, including increased productivity, decreased productivity, and even no net 
change in productivity (Francois et al., 1997; Latimer and Filippelli, 2001; Chase et al., 
2003).   Opal accumulation rates (Charles et al., 1991; Mortlock et al., 1991), suggest that 
during glacial intervals export production increased in the Subantarctic, but actually 
decreased south of the Antarctic Polar Front (APF).  Increased export production was 
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attributed to the increased dust fluxes that would have resulted from increased aridity and 
exposed continental shelves along with stronger winds and led to a general increase in the 
net export production of the region (Kumar, 1995).  In contrast, Charles et al. (1995) 
suggested that the increase in export production to the north of the APF compensated for 
the decreases south of the APF and resulted in no net change in Southern Ocean export 
production.  This argument was countered by Mortlock et al. (1991) who stated that the 
increased export production to the north of the APF was not enough to offset the 
decreases seen to the south and therefore resulted in a net loss in export production.  
Elderfield and Rickaby (2000) determined that, given the state of sea ice cover, export 
production was significantly reduced in the Southern Ocean. Ikehara et al. (2000) found 
increased export production in the Subantarctic Southern Ocean, possibly as a result of 
the flux of terrigenous iron.  Latimer and Filippelli (2001) suggest that Southern Ocean 
productivity may have increased during glacials not necessarily from a terrigenous source 
of Fe, but instead as a result of increased upwelling Fe.   As seen from these examples, 
the role of Southern Ocean export production on glacial/interglacial timescales remains 
equivocal.   
  The purpose of this research is to analyze changes in sediment geochemistry and 
elemental ratios across the Subantarctic Frontal Zone of the Southern Ocean by 
investigating nutrient proxies, such as bulk and detailed phosphorus (P) geochemistry, 
metal concentrations (i.e. Al, Fe, and Ti) and elemental ratios (Al/Ti and Fe/Al), and 
excess barium (Ba/Al and Baex) on glacial/interglacial timescales.  It is hypothesized that 
both nutrient proxies and metals will demonstrate down core variability that can be 
attributed to dynamic changes in the ocean-atmosphere system as a result of climate 
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change (i.e. glacial vs. interglacial intervals). Metal concentrations and ratios are 
evaluated to determine how provenance may have changed on these time scales, and 
ultimately determine how variability in provenance may have impacted the deliveriy of 
trace nutrients, such as Fe.  Detailed P geochemistry and P/metal ratios are used to 
evaluate export production along with the evaluation of Ba/metal ratios and Baex, which 
may be productivity proxies in some oceanographic settings. 
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CHAPTER 1.1 
 
PHOSPHORUS GEOCHEMISTRY 
 
 Phosphorus is considered an essential nutrient used by all organisms for growth 
and energy transport, and it is considered the primary limiting nutrient to productivity in 
the oceans on geologic time scales (Tyrrell, 1999). Understanding the role of P and past P 
availability and cycling in the oceans is critical when studying export production and 
climate change. Vertical profiles of P concentrations are similar to all nutrients – surface 
depletion and enrichment in the deep sea.  Near zero concentrations in the surface waters 
result from nutrient uptake by phytoplankton as a component in their photosytems 
(photosynthesis).  Concentrations increase with depth in the deep sea and vary between 
ocean basins due to deep water age.  For example, young deep water that formed in the 
North Atlantic has low P concentrations because of low surface water P concentrations, 
while older deep waters in the north Pacific have accumulated more P as a result of 
productivity in overlying surface waters and nutrient remineralization due to bacterial 
decomposition of organic matter releasing P to the surrounding water. P values in deep, 
young waters of the Atlantic are 40% lower than those in the older Pacific (Filippelli, 
2008).  In many areas of the oceans, P limits productivity, although nitrate and Fe are 
also important in some environments.  The idea behind P limitation is well understood.  
Over geologic timescales, organisms in the surface ocean can meet their nitrogen (N) 
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requirements by the process of nitrogen fixation (Tyrell, 1999).  Because of the vast 
atmospheric N source, on long timescales, P is the ultimate limiting nutrient because 
delivering of new P to the oceans relies on relatively slow weathering of P-rich rocks and 
minerals on land (Benitez-Nelson, 2000).  
 The ocean P cycle is a balance between the sources of P (rivers and atmospheric), 
sinks for P (sedimentary burial) over time, and biological recycling (see Table 1) 
(Benitez-Nelson, 2000).  The main source of P to the oceans is rivers that carry eroded 
crustal material.  Modern day fluxes have been influenced significantly by anthropogenic 
activities, such as fertilizer use.  Most of the total P introduced by rivers is in the 
particulate phase, although some dissolved P is carried to the ocean by rivers.  Much of 
this particulate P from rivers exists within a mineral lattice and as a result, never actually 
participates in the biologic cycling of P.  Much of the eroded P delivered to oceans is 
relatively unaltered, and is deposited on the continental margins.  However, some P 
associated with particulate P is likely effectively removed from seawater given the high 
ionic strength of the ocean. It is also possible that some P may be released during 
bacterial oxidation after burial.  The release of Porg provides a positive feedback 
mechanism in the photic zone whereby increased availability of Porg allows for an 
increase in nutrients, thus increasing biological communities and productivity, ultimately 
leading to the production of more organic matter and enhancing productivity.  Less than 
1% of P in the oceans is thought to come from dust, although the importance of 
atmospheric P deposition is thought to increase with distance from shore (Benitez-
Nelson, 2000) and has not been studied extensively.  The effects of atmospheric P 
become more recognizable in the spring when intense fluxes (four to eight times higher 
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than the average) possibly elevate biological productivity (Duce, 1986).  Finally, volcanic 
activity may provide a local source of P to some regions (Yamagata et al., 1991).  Most 
of the P that is biologically active in the deep ocean is in the dissolved phase (Benitez-
Nelson, 2000) supplied through biological recycling and upwelling. Phosphorus is 
removed from the marine system (sinks) by several mechanisms.  The largest movement 
of P from the upper water column to underlying sediments is through biological uptake 
and incorporation into organic matter that sinks to the seafloor.  In some settings, high 
rates of organic matter burial result in the formation of phosphorite deposits (extremely 
P-rich sediments).  Although burial of organic matter is the most important removal 
mechanism for P from the oceans, the process is inefficient and only accounts for 1% of 
P removed from the cycle (Benitez-Nelson, 2000).  After P is incorporated into organic 
matter, it undergoes active recycling throughout the water column and at the sediment-
water interface (Paytan and McLaughlin, 2007).  Because continental margins are near a 
detrital source, marginal sediments can have detrital P content of 15% to over 40% of the 
total P content (Ruttenberg, 1993), making the burial of detrital P the main sink for P on 
most continental margins.  Previously it was thought that P was incorporated in CaCO3 
tests (Froelich et al. 1982); however, it is now known that P is instead adsorbed onto test 
coatings in association with oxides and oxyhydroxides.  Delaney (1998) suggested that in 
sediments older than 5 Ma, roughly 40% of total P buried was associated with Fe oxides 
and oxyhydroxides, while older sediments account for only 5-15% of total P.  Froelich 
(1982) first hypothesized that hydrothermal environments are sinks for P from the 
oceans.  Emitted vent fluids contain large quantities of reduced Fe, which quickly 
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oxidizes to form ferric oxyhydroxides and precipitate quickly upon reaction with 
seawater effectively striping P from the water column. 
 
Table 1.  Pre-anthropogenic marine phosphorous sources and sinks (Benitez-Nelson, 2000). 
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CHAPTER 1.2 
 
P DIAGENESIS, CARBON BURIAL, AND EXCESS PARIUM 
 
 
 Organic matter is the main source of P to sediments in the deep ocean.  The 
natural degradation of organic matter releases organic P (Porg) to pore waters where the 
dissolved P will either be adsorbed onto sediment grains in association with oxides and 
oxyhydroxides (Poxides), diffused back into bottom water and recycled, or become 
incorporated in an authigenic mineral phase (Pauth), such as carbonate flurorapatite (CFA). 
This process usually results in decreased Porg concentrations with increasing age, while 
Pauth and Poxide usually increase.  The term Preactive (the sum of Porg, Pauth, and Poxide) is used 
to characterize the P that was originally associated with organic matter but has since been 
diagenetically redistributed. Because of this diagenetic remobilization, it is important to 
evaluate Preactive rather than simply Porg when interested in evaluating paleo-export 
production and estimating the original Porg content. 
 CFA acts as the most important burial sink for P (Filippelli and Delany, 1996) 
from the oceans because it becomes permanently stored in bottom sediments, where it is 
resistant to release until the sediment becomes uplifted or subducted.  If subducted, the 
released P will eventually return to the Earth’s surface, if tectonically uplifted, the CFA-
bound P will be released during the process of subaerial weathering (Guidry and 
Mackenzie, 2003).  
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 Redfield (1963) determined that within particulate marine organic matter, the 
ratio of C:N:P was constant at 106:16:1.  When P and N concentrations are integrated 
over the global ocean, below 400 m, their distribution is close to the Redfield Ratio for 
marine organic matter: 106:16:1 (C:N:P) (Redfield et al., 1963). By inference, any 
organic matter delivered to the sediments must have a similar C:P ratio (C:P of 106:1) 
(Delaney, 1998). In order to evaluate the role of the BCP in glacial/interglacial CO2, 
better constraints on fluctuations in Cexport must be established (Averyt and Paytan, 2004
 Biogenic barite precipitates in surface waters when the water becomes 
supersaturated through the release of labile Ba from decaying organic matter.  The rate at 
which biogenic Ba accumulates in the sediments (BaAR) corresponds with export 
production of the overlying water column (Averyt and Paytan, 2004).  Excess Ba is 
defined as the fraction of total Ba that is not associated with terrigenous material and is 
determined from total Al content.  If it is assumed that the main source of Ba to deep 
water sediments is biogenic barite and no other significant source exists, that the Ba/Al 
ratio in terrigenous material is both known and constant, and that the correlation between 
barite and export production in the present ocean was prevalent in the past, then Baex can 
also be used as a proxy for export production and Ba/Al ratios can be used in algorithms 
to determine paleoproductivity and C export (Averyt and Paytan, 2004).  However, if the 
Ba/Al ratio of the terrigenous material is not constant, it may be inappropriate to use Baex 
as an export production proxy and the C export algorithms cannot be applied.  Here, Baex 
was calculated separately using both the Ba/Al and Ba/Ti ratios of terrigenous material, 
following the approach of Averyt and Paytan (2004).  It has been suggested that 
normalizing to Ti accounts for any additional fluxes of the element to the sediment that is 
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not of a terrigenous source (Murray et al., 1993); however, the values calculated using 
both methods were identical.  Assuming that the Al and Ti in the sediment is from a 
source independent of productivity, Ba/Al and Ba/Ti ratios are equivalent to excess Ba 
and this excess quantity is what is related to export production. 
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CHAPTER 1.3 
 
PHOSPHORUS CYCLING IN THE PAST: GLACIAL/INTERGLACIAL 
VARIATIONS 
 
 
 Global P cycling varied in the past. Understanding how it varied, what 
mechanisms drove the changes, and the influence these variations had on other 
biogeochemical systems are crucial when investigating past climate change. The waxing 
and waning of ice sheets significantly alters sea level (i.e. lower sea level during glacials) 
and thus causes variations in exposed shelf area. The loss in the continental margin sinks 
for both P and C during glacials should have resulted in a net transfer of these bioreactive 
elements to the deep sea.  It is known that during the last glacial maximum (LGM) shelf 
area decreased.  The uncertainty associated with the amount of the shelf that was lost 
results in an uncertain P budget on glacial/interglacial timescales.  This idea is important 
because it was previously thought that the cycling of P was much more resistant to these 
types of influences. 
 Measurements of P delivered from the continents on glacial timescales reveal 
high rates of P weathering and transfer during glacial terminations and slightly lower 
transfer rates during interglacial intervals (Filippelli et al., 2007).  This means that the net 
increase of P supplied to the deep ocean during glacial terminations includes P 
transferred from the continental margin sink and also from P derived from increased 
continental input.  Interglacial times experienced a loss in the exposure of the continental 
  
15 
 
margin sink and it has been shown that this event is seen in deep ocean records 
(Filippelli, 2008).   Filippelli et al. (2007) used several export production proxies 
(including P accumulation rates and P/Ti ratios) to describe the changes in productivity 
over glacial/interglacial timescales.  Their results concluded that productivity increased 
during glacial times and reached a maximum shortly after the glacial/interglacial 
transition.  A decrease to a low value was shown progressing to the next glacial interval.  
The results demonstrate the lag time associated with glacial terminations and the 
recording of changes in P export (high excess P burial occurred ~40-60 ky after the onset 
of a glacial).  Given the residence time of P in the oceans (10-20 ky) this lag time is 
predictable when considering the Shelf-nutrient Hypothesis. When the depositional sink 
for P is changed from a high sedimentation rate/short water column continental margin to 
a low sedimentation/deep water column deep-sea environment during glacial intervals, 
the degree of P recycling is increased along with the amount of dissolved P that is 
supplied to the ocean (ref).  Investigating deep-sea records in reference to the mass 
balance of P can reveal a great deal about changes in global ocean productivity.   
During glacial periods when sea level was lower, continental shelves were 
exposed and susceptible to erosion (Broecker 1982; Filippelli et al., 2007).  This Shelf-
nutrient Hypothesis explains that P that had accumulated on these shelves would have 
then been transferred to the deep oceans during glacial times (Fillippelli et al., 2007). The 
increased nutrient flux would have fueled surface productivity, increased the removal of 
CO2 from the surface ocean and increased the flux of CO2 from the atmosphere.   
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CHAPTER 2 
 
 
STUDY SITES 
 
 
 The Southern Ocean, as defined by Anderson et al. (1998), is the region to the 
south of the Subtropical Convergence (STC) and can be divided into two different zones.  
The first is the Antarctic Zone which is located to the south of the Antarctic Polar Front 
(APF) and the second, of which this research is concerned (Fig. 2), is the Subantarctic 
Zone which lies between the STC and that APF.  Carbonate has been relatively absent in 
glacial sediments south of the APF and. in combination with a decline in opal 
accumulation rates and barium accumulation rates, it has been interpreted to have lower 
productivity south of the APF during glacial intervals  (Anderson et al., 1998).   
 The Southern Ocean is extremely sensitive to perturbations by climate change. 
Wind-driven circulation patterns around Antarctica are responsible for deep-water 
upwelling to the surface.  The upwelling allows accumulated CO2 from bottom waters to 
be released to the atmosphere.  At the same time, the upwelled deep water also supplies 
surface waters with a large supply of nutrients.  Today, surface organisms use these 
nutrients inefficiently, resulting in lower biological productivity than expected.   
However, it is possible that these nutrients were used more efficiently in the past 
(Anderson et al., 2002). 
During glacial intervals polar-regions expanded with the increase in the growth of 
the Antarctic cryosphere.  In response to this expansion, major oceanographic fronts in 
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the Southern Ocean shifted to the north (Charles et al., 1991; Kumar et al., 1995).  It is 
possible that as the fronts migrated to the north, regions of high productivity and 
upwelling, currently near the APF, also migrated.  For this reason, the Subantarctic may 
be an important region for C export during glacial intervals.  Late Pleistocene records are 
plentiful in the Subantarctic Indian and Atlantic basins, but few records of sufficient 
resolution are available in the remote South Pacific.  
 
Figure 2:  Map of site locations for sediment cores MV0502-4JC and ODP Leg 189 Site 1171.  
Adapted from Orsi et al. (1995). 
 
 
 
 
 
 
 
 
 
 
 
Site 1171 
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CHAPTER 2.1 
 
 
MV0502-4JC 
 
 
 MV0502-4JC was recovered from the Subantarctic South Pacific (50°20.4’S; 
148°07.55’W) at a water depth of 4203m in February 2005.  The sediment core is 
composed of foraminifera bearing siliceous nannofossil ooze.  The 19m core is located 
near the Subantarctic Front (Figure 2) which is an ideal position to record the interaction 
between atmospheric circulation, productivity, and climate change. The age model for 
MV0502-4JC is based on Waddell et al. (2009) and is based on oxygen isotope 
stratigraphy (δ18O) and biostratigraphy.  While the sediments recovered represent at least 
the last one million years, the focus of this research will be on the Plio-Pleistocene 
portion of the record.  The location of MV0502-4JC in the remote South Pacific will aid 
in providing new information for this understudied region.    
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CHAPTER 2.2 
 
 
ODP LEG 189, SITE 1171 
 
 
In 2000, sediments from Site 1171 were recovered from a water depth of ~2150 
m, and described as foraminifera bearing siliceous nannofossil ooze.  At 48°30’S, Site 
1171 is located in an area of the South Pacific where surface and bottom currents are very 
strong due to the Antarctic Circumpolar Current.  The preliminary age model for Site 
1171 is based on paleomagnetic records and biostratigraphy.  Its location (Figure 2), as 
with MV0502-4JC, places it in an ideal spot to record glacial/interglacial changes in 
export production and circulation.   
Comparisons were made between Site 1171 (Latimer, 2004) and MV0502-4JC 
over the Plio-Pliestocene.  Site 1171 has a more complete record than MV0502-4JC, but 
both cores are located near the Subantarctic Front.  Despite relatively low productivity in 
the modern day, the region may have been important during glacial intervals as the APF 
migrated northward in response to cryosphere expansion.  
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CHAPTER 3 
 
METHODOLOGY 
 
MV0502-04JC was sampled at a 5 cm resolution, resulting in ~350 samples to be 
analyzed for bulk geochemistry, detailed P geochemistry, and organic C to evaluate 
export production in the remote Subantarctic South Pacific. All samples from MV0502-
04JC were freeze-dried and crushed to <100 µm using an agate mortar and pestle.    
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CHAPTER 3.1 
 
SAMPLE DIGESTION 
 
Sediment samples were completely dissolved using a microwave digestion 
system.  Complete digestion was obtained by a multi-step protocol beginning with the 
addition of 3mL HNO3, 1mL HCl, and 0.5mL HF to pre-weighed ~0.1g of sample.  Acid 
and sample were sealed in TFM vials and digested using a Milestone Ethos EZ 
microwave for thirty minutes.  Once the run was completed, samples were transferred 
into new polyethylene centrifuge tubes and diluted to 14mL with Milli-Q water and ~0.1g 
of boric acid was added to each digested sample.  Samples were analyzed for 
major/minor elements (i.e. Fe, Al, Ti, P, Ba, Cd, Sr, Zn) using inductively coupled 
plasma atomic emission spectrometry (ICP-OES) (Table 2).  Standards (SRM2702), 
replicates, and blanks were run to ensure analytical precision and accuracy.  Replicate 
samples and standards agreed within 7%. All elemental results for MV0502-4JC are 
displayed in Appendix 1.  SRM data is not available for sequential extractions; however, 
comparisons to long term averages for SRM 1646a agreed within 10%.  Replicate 
samples agreed within 5% for authigenic, detrital, and organic P and within 15% for 
oxide-associated P. Results were used to calculate elemental ratios such as P/Al and 
Ba/Al ratios, as well as Baex to evaluate export production and metal ratios (Al/Ti and 
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Fe/Al) to identify changes in terrigenous provenance (Murray et al., 1996; Latimer and 
Filippelli, 2001).  
 
Table 2. Elemental Concentration Ranges for MV0502-4JC and ODP Leg 189, Site 1171 
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CHAPTER 3.2 
 
DETAILED PHOSPHORUS GEOCHEMISTRY 
 
 A sequential extraction (SEDEX) method was used to evaluate the different 
sedimentary components of P at both study sites (Ruttenburg, 1992; Anderson & 
Delaney, 2000).  Sequential extraction methods utilize the fact that different solid phases 
of P show dissimilar reactivity toward different solutions.  Sediment is extracted with a 
series of reagents, and each will dissolve a single phase or group of phases of similar 
chemical characteristics (Ruttenburg, 1992).   The sequential extraction is used to 
determine Preactive, which is necessary because of the redistribution of organic P during 
diagenesis.  SEDEX isolates P associated with oxides, authigenic P, detrital P, and 
organic P (Appendix 2).  The sum of oxide, authigenic, and organic P is collectively 
termed “reactive” P.  All oxide-associated P concentrations were determined by ICP-OES 
and the P concentrations of other steps were determined using a Shimadzu mini UV-
Visible spectrophotometer.  In addition, total P concentrations from total digestions were 
compared with the sum of the extracted P phases to check the accuracy and completeness 
of the sequential P extractions. 
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CHAPTER 4 
 
RESULTS AND DISCUSSION 
 
 
Despite their different locations and different water depths, the two sample sites 
presented here share similar trends for many of the geochemical indicators investigated in 
this study.  Bulk sediment geochemistry will be discussed first, followed by phosphorus 
geochemistry and fluxes, and finally both barium geochemistry and excess barium.  For 
site MV0502-4JC, glacial hiatuses are those identified by Wadell et al. (2009).  The 
numbers indicate marine isotope stages, with even numbers indicating glacial intervals 
and odd numbers representing interglacial intervals.  For ODP Leg 189, Site 1171, gray 
bars approximate the timing of glacial intervals after Lisiecki and Raymo (2005). 
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CHAPTER 4.1 
 
 
BULK SEDIMENT GEOCHEMISTRY 
 
 
Down core profiles of the terrigenous elements Al, Fe, and Ti (Figure 3a, 3b) at 
both sites exhibit clear down core variability, and within each site, the metals show very 
similar down core trends; however, they are not clearly glacial or interglacial in timing.  
While the two records have different concentration ranges and are presented at different 
resolutions, definite temporal variability exists in both cores.  In addition, because both 
sites have relatively low sediment accumulation rates, sediment focusing is likely not a 
significant concern on these time scales; however, when metal concentrations at 
MV0502-4JC drop to near zero values, this may indicate significant winnowing events. 
The increase of these metal concentrations was likely a result of higher terrigenous inputs 
likely due to increased continental surface area and wind strength and/or changes in the 
mode of terrigenous supply to the sites, for example, via ice-rafted debris, surface or deep 
ocean currents, or wind patterns. 
Normalization to Al and/or Ti is often used to evaluate variations in terrigenous 
provenance.  Both cores have Al/Ti ratios near average continental crust concentrations 
(Al/Ti ~ 15.6 g/g) and lower than average values for the upper crust (Al/Ti ~ 26.8 g/g).  
During the Late Pliocene, the record for MV0502-4JC becomes much more variable and 
ratio values begin to increase.  Al is highly particle reactive and elevated Al/Ti ratios 
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above crustal values can be indicative of increased particulate scavenging often attributed 
to elevated levels of export production (Murray et al., 1993).  At Site 1171, Al/Ti ratios 
are higher than average continental crust and have high variability for most of the core, 
except between 1.2 – 0.8 Ma, when Al/Ti ratios exhibit low variability and values near 
continental crust.  The average values for both cores (Al/Ti =12.1 at MV0502-4JC and 
Al/Ti =17.3 at Site 1171) suggest the main source of terrigenous sediment to the region is 
continental crust, probably delivered to the oceans as eolian or hemipelagic material or 
redistributed by bottom currents.  The values of Fe/Al ratios at these two sites show 
similar trends but are higher than values found in previous work (Fe/Al ~ 0.70 – 0.97 
(Latimer and Filippelli, 2001), Fe/Al ~ 0.84 (Taylor and MeLennan, 1985).  Fe/Al ratios 
at MV0502-4JC have values that match continental crust but are separated by very high 
values (>2), while Site 1171 has values that are predominantly lower than average 
continental crust.  Differences between the down core trends observed in the Al/Ti and 
Fe/Al ratios probably reflect a complicated terrigenous provenance record with more than 
two sources that have different rock types likely from areas in southeastern Australia and 
New Zealand (Stancin et al., 2008) as well as ice rafted debris of unknown origin 
(Waddell et al., 2009).  
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Figure 3a: Elemental concentrations for Fe, Al, and Ti for MV0502-4JC with the dashed 
lines representing the average continental crust values of Taylor and McLennan (1987) 
and gray bars representing two hiatuses; numbers on the age bar represent marine isotope 
stages (MIS). 
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Figure 3b: Elemental concentrations for Fe, Al, and Ti for OPD Leg 189, Site 1171with 
the dashed lines representing the average continental crust values of Taylor and 
McLennan (1987) and the grey bars representing the approximate timing of glacial 
intervals. 
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CHAPTER 4.2 
 
 
PHOSPHORUS GEOCHEMISTRY 
 
 
AT MV0502-4JC, down core P concentrations (Fig. 4a) have similar trends to 
those seen in the terrigenous metals (Fe, Al, and Ti), while the P record at Site 1171 (Fig. 
4b) is very different than the metals.  P concentrations range from 1 to 20 µmol g-1 at 
MV0502-4JC and 5 to 57 µmol g-1 at Site 1171.  Both sites have slightly higher P 
concentrations than other sites from open ocean regions with high productivity (7 to 18 
µmol g-1 [Filippelli and Delaney, 1996]).  Although there is no significant correlation 
between P and Fe at both sites (r2 = 0.17 MV0502-4JC and r2 = 0.07 Site 1171;Figure 5), 
each site illustrates a general trend of increased P concentrations as Fe concentrations 
increase.  P/Al and P/Ti ratios at both sites have elevated ratios, which suggest intervals 
of elevated export production; however, there are no clear glacial/interglacial patterns 
that exist.  For example, at Site 1171, maxima often occur during glacial intervals; 
however, the high values often persist into the interglacial (i.e. 0.6 – 0.4 Ma) and 
occasionally there is no maxima during a glacial interval (i.e. 1.2 Ma).  At MV0502-4JC, 
higher ratios have little variability in the Pleistocene and resolution is too low during the 
Late Pliocene to evaluate the glacial/interglacial signal with confidence.  
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Results of the P geochemical extractions for MV0502-4JC (Figure 6) demonstrate 
maximum values in organically associated P, authigenic P, and total reactive P at the base 
of the core and in the core top.  Detailed P geochemistry suggests little variation in export 
production over the time intervals of interest.  The results of the detailed P geochemistry 
have lower variability than what is observed in total P, which suggests that much of the 
total P may be of detrital origin and may explain some of the similarity to the down core 
metal trends. 
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Figure 4a: P and Ba Concentrations and Ratios for MV0502-4JC with gray bars 
representing two hiatuses; numbers on the age bar represent marine isotope stages (MIS). 
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Figure 4b: P and Ba Concentrations and Ratios for ODP Leg 189, Site 1171 with the grey 
bars representing the approximate timing of glacial intervals. 
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Figure 5: Correlation Plot of P and Fe for MV0502-4JC and ODP Leg 189, Site 1171 
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Figure 6: Detailed P Geochemistry for MV0502-4JC with gray bars representing two 
hiatuses; numbers on the age bar represent marine isotope stages (MIS). 
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CHAPTER 4.3 
 
 
BARIUM GEOCHEMISTRY 
 
Baex and Ba/metal ratios have also been used as a proxy for productivity because 
of the positive correlation that exists between biogenic barite and organic matter in 
marine sediments and sediment traps (Averyt and Paytan, 2004).  Ba concentrations for 
MV0502-4JC oscillate between 5 and 15 µmol/g .  Ba concentrations and Baex values are 
generally lower at Site 1171 than at 4JC.  Ba concentrations at Site 1171 have a higher 
average value before 0.8 Ma.  Changes of this nature in Ba concentrations have been 
interpreted as a change in deep water source to an area (Latimer and Filippelli, 2002).  Ba 
concentrations Site 1171 also have down core trends that do not match either the 
terrigenous metals or P, while down core Ba concentrations at MV0502-4JC are similar 
to P at the site.   
 Both Ba/Ti and Ba/Al ratios were determined at both study sites and both show 
similar patterns as the P/Al and P/Ti records.  If all Ti and Al in the sediment is derived 
from terrigenous sources that are invariable through time or only moderately variable 
temporally, Ba/Ti and Ba/Al ratios should be equivalent to Baex values (Averyt and 
Paytan, 2004).  From elemental ratios of Fe, Al, and Ti, it is clear that provenance does 
vary through time.  While trends are similar between Ba/Ti and Baex at MV0502-4JC 
important differences are clear, for example at just after the hiatus at 400 cm, Baex is low, 
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while the ratios are high.  In addition, there appears to be only a minimal correlation 
between Ba/Ti and Baex at Site 1171 during some intervals, for example the timing of 
high and low values are slightly different (i.e. 0.4 - 0.3 Ma). While metal sources are 
likely from continental sources, the contributions of those sources are variable through 
time and make the use of algorithms to calculate productivity and carbon export from 
Baex unsuitable for use here.  
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CHAPTER 5 
 
CONCLUSIONS AND FUTURE WORK 
 
Variability in terrigenous provenance suggests that algorithms used to estimate 
primary productivity and carbon export are not viable at either MV0502-4JC or Site 
1171.  In addition, P geochemistry and bulk geochemistry at MV0502-4JC show 
remarkably little variation over the time intervals studied here, while Site 1171 does have 
considerable variability, it cannot be described as clearly glacial/interglacial in nature.   
While the sample resolution at MV0502-4JC and the resolution of the age models for 
both sites do not allow for an evaluation of timing relative to known climate events (i.e. 
glacial inception, glacial termination, etc.), the records can be interpreted for relative 
changes in provenance and export production.  At MV0502-4JC, metal ratios oscillate 
around the values for continental crust, indicating multiple sources of terrigenous 
material are delivered to this site.  Fe/Al ratios have baseline values near continental crust 
with discrete maxima that suggest sources with markedly different Fe content.  At Site 
1171, the metal ratios have a much different character.  The Al/Ti values are near average 
continental crust until ~800 kyr.  From 800 kyr to the top of the core, Al/Ti  ratios 
oscillate around an average of 19. The Fe/Al ratios at Site 1171 are consistent with 
average continental crust; however, very high values suggest contributions from non-
terrigenous sources and values and do not co-vary with the Al/Ti ratios, again indicating 
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that the difference sources of terrigenous material likely have different Fe content. This 
variability in terrigenous provenance likely represents distinct changes in wind, surface, 
or deep current direction and strength or the influence of IRD; however these changes 
cannot be generalized as each site has a unique record.  This variability in terrigenous 
provenance does, however, indicate that enrichment factors, such as Baex should not be 
applied at these sites; therefore, elemental ratios such as P/Al and Ba/Al are more 
appropriate.  At MV0502-4JC, P and Ba ratios have distinct maxima during the Late 
Pliocene, while Site 1171 has considerable down core variability, unfortunately, the 
timing of the variability does not match the timing of glacial or interglacial intervals well.  
The age model at Site 1171 needs to be better resolved to help clarify the timing of the 
export production variability. 
 Both study sites demonstrate significant variability in terrigenous provenance that 
is complicated by multiple sources for the metals.  In order to further resolve how 
provenance varied, tracers such as radiogenic isotopes (i.e. εNd or 87Sr/86Sr) are 
necessary.  Finally, export production and productivity at MV0502-4JC is not variable 
during the Pleistocene based on the records presented here; however, higher resolution 
studies might have different results.  Export production at Site 1171 is highly variable, 
but not on the same time scales as glacial/interglacial variations.  Further refinement of 
the age model for Site 1171 is needed. While both sites are in the South Pacific, they are 
located in very different oceanographic settings and have unique geochemical records.  
The two sites do not have comparable geochemical records in terms of timing; however, 
this work has shown that the remote South Pacific Ocean likely experienced lower export 
production and productivity during the Pleistocene compared to Site 1171.  
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Appendix 1  
 
Elemental Concentrations for MV0502-4JC 
 
 [P] std dev [Ti] std dev [Sr] std dev [Al] std dev [Fe] std dev [Ca] std dev [Ba] std dev 
 umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g 
1 17.3 0.7 29.9 1.3 6.2 0.2 167 3 154 3 1546 32 3.2 0.1 
16     11.6 0.2 571 6   2305 35 8.6 0.1 
21 14.1 0.9 36.3 1.4 6.4 0.1 359 7 131 3 1677 29 4.4 0.1 
26 13.4 0.3 30.8 0.6 3.7 0.2 240 12 187 6 1357 54 3.3 0.2 
36 17.1 1.1 37.3 1.0 4.9 0.2 134 6 212 6 1426 43 2.1 0.1 
41     8.0 0.4 582 31 256 5 1914 51 3.7 0.2 
46     12.3 0.4 700 18 200 4 2431 36 6.1 0.2 
56 14.3 0.7 23.3 1.0 9.5 0.3 478 12 148 1 2079 32 4.3 0.1 
61 10.2 0.6 15.7 0.4 7.6 0.3 403 15 181 3 1757 44 4.7 0.2 
71 16.5 1.1 32.9 1.2 5.3 0.1 179 4 176 4 1471 28 3.4 0.1 
81 15.9 0.8 34.2 0.8 4.9 0.2 209 11 170 6 1506 50 3.0 0.1 
86     9.6 0.4 524 22 196 6 2105 46 5.0 0.2 
91 10.8 0.9 19.2 1.1 3.8 0.2 22 1 125 5 1099 48 1.8 0.1 
101 13.6 1.0 19.1 0.7 5.5 0.3 12 1 103 3 1373 47 2.4 0.1 
106 15.8 0.7 23.5 1.0 6.0 0.2 67 2 110 2 1497 36 2.5 0.1 
111 12.4 0.6 17.4 16.7 12.6 0.3 682 16 161 2 2313 33 7.5 0.2 
116 15.1 0.8 23.2 0.4 10.2 0.4 393 10 164 3 2097 38 5.6 0.1 
121 12.8 0.5 20.4 0.9 4.6 0.2 19 1 115 3 1219 42 2.4 0.1 
126 12.0 0.8 15.3 14.6 12.2 0.4 504 18 150 5 2357 47 5.9 0.2 
131     8.3 0.4 271 6 112 2 1934 35 4.0 0.1 
141 13.6 0.6 25.0 0.7 10.2 0.4 388 12 131 4 2145 41 4.9 0.2 
146     3.2 0.0 615 16 184 6 1287 26 8.9 0.1 
151 13.2 1.0 12.3 0.4 13.2 0.6 434 11 132 3 2211 42 5.7 0.2 
156      0.0 3 3 146 9 21 6 0.1 0.0 
161     8.5 0.1 65 1 63 1 1781 22 4.3 0.1 
166 10.7 0.3 13.4 0.5 8.0 0.3 92 4 87 1 1735 44 4.2 0.2 
171 11.3 0.7 16.1 0.5 5.8 0.3 182 14 99 3 1506 51 3.2 0.5 
175 9.7 0.9 16.8 0.4 6.7 0.3 136 4 84 2 1632 38 2.8 0.1 
181 10.5 0.8 20.1 0.6           
186 11.0 0.8 17.9 0.5 11.2 0.3 404 11 130 2 2229 32 5.0 0.2 
191 10.0 1.0 16.9 0.3 5.6 0.2 70 2 102 2 1384 40 2.2 0.1 
196 12.3 0.8 18.6 17.5 12.6 0.3 584 10 165 3 2488 39 6.5 0.2 
201 14.2 0.9 21.3 19.9 10.8 0.4 596 23 225 6 2458 45 6.4 0.2 
216 16.4 1.2 41.0 1.7 4.2 0.1 233 9 194 3 1311 30 3.1 0.1 
  
44 
 
 [P] std dev [Ti] std dev [Sr] std dev [Al] std dev [Fe] std dev [Ca] std dev [Ba] std dev 
 umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g 
221 23.4 1.0 45.4 1.7 5.9 0.3 965 30 267 8 1819 33 10.1 0.4 
226 20.2 1.1 45.7 0.8 4.6 0.1 509 7 268 5 1395 27 4.5 0.2 
316     4.3 0.1 1550 43 415 8 1394 25 21.3 0.4 
331     7.1 0.2 605 15 163 4 1899 31 8.0 0.2 
336 12.7 1.1 20.3 19.1 8.7 0.2 319 8 156 4 1884 39 5.8 0.1 
346 12.6 0.5 21.2 20.7 12.7 0.7 735 30 219 8 2302 44 7.5 0.4 
356 14.8 1.3 37.6 1.3 6.2 0.2 306 6 202 4 1577 25 4.6 0.1 
366 24.8 1.3 59.9 1.4 3.7 0.1 663 33 256 7 1091 24 7.0 0.4 
371 14.5 0.6 31.0 0.9 7.6 0.2 891 13 297 5 1828 32 10.9 0.3 
376 16.8 0.9 36.3 1.4 8.0 0.2 534 14 235 4 1747 26 7.5 0.2 
381 12.7 1.0 28.2 0.8 8.9 0.3 692 30 332 12 1842 43 11.8 0.6 
386 12.3 0.8 31.1 0.8 4.9 0.3 140 4 165 6 1300 37 3.2 0.2 
391 9.2 0.3 18.5 0.3 2.7 0.2   135 6 445 21 0.8 0.1 
401 20.7 1.0 46.3 2.2 6.6 0.3 507 21 287 8 1718 38 5.9 0.2 
406 13.2 0.6 25.6 0.7 2.6 0.1 27 2 170 5 599 26 0.7 0.0 
416 9.5 0.4 10.1 0.2 6.1 0.3 1192 50 517 10 1642 48 20.5 1.0 
421 12.4 0.7 15.9 0.5 11.5 0.5 193 5 77 1 2069 42 3.6 0.1 
426 7.0 0.8 6.3 0.2 13.9 0.5 439 13 140 4 2339 34 5.8 0.2 
431 12.0 0.7 13.5 12.5 16.4 0.3 488 7 126 2 2429 42 6.3 0.1 
436 15.4 0.9 22.8 0.7 9.8 0.4 396 11 162 1 2010 31 6.5 0.2 
446 13.9 0.8 18.1 0.6 10.8 0.4 306 11 145 4 2091 42 5.1 0.2 
451 12.9 0.6 11.8 0.4 8.5 0.3 94 2 68 2 1701 38 3.4 0.1 
456 9.7 0.7 9.6 0.4 3.3 0.1 2 0 40 1 124 4 1.3 0.0 
466 11.1 1.0 9.6 0.1 12.4 0.3 514 9 39 1 1775 33 3.8 0.1 
471 9.2 0.6 5.2 0.1 7.8 0.4 29 1 34 1 1765 58 1.9 0.1 
476 9.9 0.6 4.5 0.1 8.1 0.2 27 1 40 1 1441 36 2.9 0.1 
481 50.0 1.7 40.8 0.9 4.5 0.1 511 20 240 10 1345 38 14.2 0.5 
486 9.2 0.7 5.4 0.2 10.5 0.3 79 2 35 1 1872 38 2.8 0.1 
491 7.9 0.5 4.4 3.2 8.2 0.5 42 3 57 2 1794 51 2.2 0.1 
496 9.3 0.5 9.8 0.3 3.7 0.2   29 1 139 7 2.2 0.1 
501 8.6 0.4 9.6 0.1 6.5 0.3 3 0 35 1 1478 39 2.6 0.1 
506 11.8 1.3 12.4 0.7 3.1 0.2   38 1 210 10 2.1 0.1 
511 9.8 0.9 14.2 13.7 12.5 0.8 541 21 174 3 2286 50 4.3 0.3 
521 11.5 0.9 25.7 0.8 1.7 0.0 66 2 52 2 671 3 1.3 0.0 
531 15.6 1.3 38.2 1.1 2.0 0.0 164 7 376 9 755 27 1.0 0.1 
536 14.3 1.2 35.9 1.2 4.7 0.2 575 19 339 12 1496 44 5.0 0.3 
546 15.5 0.7 35.2 25.9 10.4 0.3 798 30 228 7 2211 37 9.4 0.4 
551 14.0 0.8 29.6 1.1 4.7 0.3 76 4 247 5 1360 57 1.4 0.1 
556 12.3 0.6 23.5 0.9 4.3 0.2 26 1 127 3 1185 35 3.5 0.2 
561 11.9 0.8 29.2 0.7 2.3 0.1 20 0 170 6 483 15 0.5 0.0 
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 [P] std dev [Ti] std dev [Sr] std dev [Al] std dev [Fe] std dev [Ca] std dev [Ba] std dev 
 umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g 
566 13.6 1.2 30.7 0.7 1.3 0.1 171 2 79 1 462 5 3.2 1.2 
571 12.8 0.5 26.2 0.6 4.1 0.2 12 1 84 3 1096 41 2.0 0.1 
576 13.1 0.4 28.7 0.7 1.7 0.1 38 2 192 5 490 21 0.5 0.0 
581 14.6 0.3 36.3 1.1 4.8 0.1 260 6 178 4 1498 31 4.9 0.1 
591 13.6 0.9 35.1 0.6 2.4 0.1 377 11 377 10 978 36 1.7 0.1 
596 17.7 0.4 37.5 36.2 9.3 0.3 1054 30 323 4 2284 45 12.7 0.4 
601 17.9 1.2 32.6 30.6 8.3 0.2 883 24 266 7 2036 36 13.1 0.3 
606 19.9 0.8 47.1 0.8 5.2 0.2 477 12 316 7 1494 33 8.3 0.2 
621 10.4 0.9 13.8 13.5 10.1 0.3 453 8 124 3 2216 22 6.9 0.2 
626 13.6 0.7 25.6 0.8 8.1 0.3 376 7 152 3 1878 34 7.1 0.1 
631 16.1 0.8 30.1 1.0 2.3 0.1 169 5 282 5 731 23 1.4 0.1 
651 12.8 0.5 26.0 0.6 5.5 0.1 125 2 115 2 1506 28 3.9 0.1 
656 18.2 0.8 48.4 1.5 4.3 0.2 518 13 279 4 1367 35 7.4 0.2 
661 16.7 1.2 51.5 1.5 2.9 0.1 418 13 387 8 1005 33 2.2 0.1 
666 14.3 0.6 39.9 38.7 2.5 0.0 330 5 279 5 848 13 2.0 0.0 
671 13.7 0.5 29.0 0.9           
676 10.4 0.3 22.4 21.9 10.5 0.5 696 33 274 9 2134 48 8.7 0.4 
681 14.4 0.6 23.3 22.2 11.4 0.5 725 21 251 5 2468 45 9.6 0.4 
686 12.4 0.9 25.7 0.6 2.8 0.1   104 3 294 5 0.9 0.0 
691 11.1 0.8 14.6 0.7 2.7 0.1   95 3 287 10 1.8 0.1 
696 12.3 0.7 24.4 0.3 3.9 0.3 172 7 207 3 1177 37 1.1 0.1 
701 14.7 0.6 24.9 23.7 12.4 0.7 1012 43 284 6 2425 51 14.0 0.7 
706 12.6 0.9 22.6 21.9 9.2 0.3 844 15 212 4 2183 22 14.0 0.8 
711 14.8 0.4 31.8 1.1 2.0 0.2 378 27 296 7 963 58 1.4 0.1 
716 13.1 0.6 29.8 0.7 5.1 0.2 438 10 199 5 1594 38 5.9 0.2 
721 11.5 1.0 23.6 3.1 2.2 0.1 193 7 513 13 682 32 1.9 0.1 
731 14.8 1.0 37.2 0.9 3.2 0.1 97 4 154 4 1051 32 2.6 0.1 
736 16.3 1.2 33.9 1.0           
741 16.0 0.5 33.6 1.0 5.3 0.2 183 6 192 4 1435 38 4.2 0.1 
746 17.1 0.6 34.7 1.1 3.7 0.1 268 5 166 5 1043 18 4.7 0.1 
751 24.9 0.5 48.8 2.2 5.2 0.1 631 13 266 6 1640 30 8.8 0.1 
756 19.9 1.2 47.8 45.0 2.6 0.1 426 11 373 10 950 23 2.3 0.1 
761 25.2 1.2 55.6 4.8 2.2 0.1 413 19 496 17 874 42 2.3 0.1 
766 29.6 0.5 66.4 2.3           
771 23.6 1.4 46.9 45.5 10.7 0.4 1455 35 423 7 2348 40 16.5 0.5 
776 20.4 0.7 37.8 36.4 8.3 0.2 983 30 319 6 2167 49 12.3 0.3 
781 24.6 0.7 47.2 43.9 -0.3 0.0 25 17 433 17 11 7 0.1 0.0 
786 21.3 1.1 52.8 1.1 5.6 0.1 596 16 293 8 1563 30 7.6 0.2 
801 17.5 0.6 27.9 26.8 10.8 0.4 885 26 287 9 2466 45 11.5 0.2 
806 19.5 1.1 36.1 0.9           
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 [P] std dev [Ti] std dev [Sr] std dev [Al] std dev [Fe] std dev [Ca] std dev [Ba] std dev 
 umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g 
811 8.0 0.4 14.3 0.3 5.7 0.3 905 37 375 11 1765 41 8.2 0.4 
816 27.2 0.5 52.0 1.6 1.9 0.1 334 15 473 12 868 32 3.0 0.1 
821 31.4 1.0 62.0 0.9 4.1 0.2 726 33 412 16 1269 47 11.4 0.6 
826 29.8 0.7 60.4 1.6 2.9 0.1 376 16 458 11 789 29 1.6 0.1 
831 45.6 1.2 61.6 58.0 7.1 0.2 1922 42 539 8 1667 31 39.6 0.8 
836 44.5 1.8 68.7 0.7 6.2 0.3 629 20 433 9 1373 39 31.6 1.0 
841 55.9 2.6 61.2 3.2 4.9 0.2 188 3 185 3 1364 32 3.8 0.2 
846 39.1 2.0 50.3 48.2 8.0 0.2 1942 23 472 3 1866 29 33.3 1.0 
851 44.0 0.9 55.6 54.2 9.0 0.3 1151 29 363 5 1956 36 20.6 0.6 
856 50.3 0.9 67.7 66.4 7.6 0.2 1951 68 644 18 1908 42 33.5 0.9 
861 45.1 1.3 53.6 1.8 5.5 0.2 328 9 264 5 1619 33 7.1 0.3 
866 46.7 2.3 50.6 47.8 9.0 0.1 1763 22 427 1 1882 24 35.2 0.6 
871 44.4 2.6 44.7 43.4 7.0 0.3 1239 28 412 6 1877 35 16.3 7.6 
876 42.9 1.7 39.7 38.2 8.9 0.3 1631 51 427 9 1963 32 30.4 0.7 
881 49.7 1.5 52.3 1.2 3.9 0.2 412 13 448 8 1012 35 4.1 0.2 
886 44.7 1.7 42.1 40.8 8.6 0.3 1305 44 420 11 2155 49 20.6 0.8 
891 61.4 0.9 59.4 1.5 5.8 0.3 680 28 381 11 1585 45 13.8 0.7 
896 43.6 1.5 39.8 38.2 9.7 0.3 1537 69 441 9 2046 40 22.6 0.6 
901 42.4 1.4 38.9 37.5 9.7 0.5 1293 51 409 10 2232 50 19.2 0.8 
906 27.4 0.5 27.1 0.7 2.6 0.1 151 4 257 7 779 23 1.3 0.1 
911 26.9 0.9 21.9 20.7 12.0 0.3 879 24 227 4 2243 27 11.3 0.3 
916 30.3 0.7 22.2 21.1 10.9 0.4 676 17 227 7 2362 36 8.9 0.3 
921 31.2 1.1 25.5 0.6 8.8 0.6 818 52 293 13 2061 60 7.9 0.5 
926 24.3 1.1 22.7 0.5 2.9 0.3 103 7 260 4 973 61 1.5 0.1 
931 26.0 0.6 27.9 26.9 8.8 0.4 639 22 318 6 2043 44 11.7 0.4 
936 34.0 1.6 28.7 26.7 8.6 0.4 760 31 258 10 2194 43 14.6 0.3 
946 31.2 0.6 31.4 0.4 1.8 0.1 199 9 422 11 760 30 2.8 0.1 
956 32.9 1.4 27.1 26.2 13.7 0.4 948 21 265 4 2547 42 17.2 0.5 
966 30.9 1.6 24.4 22.7 9.6 0.3 742 10 234 5 2010 33 15.7 0.5 
971 30.5 1.4 21.4 19.9 8.0 0.1 718 13 179 2 1978 37 14.9 0.3 
976 43.8 1.0 38.7 0.7 2.1 0.1 257 6 288 9 807 31 2.8 0.1 
986 30.5 1.9 22.1 20.8 7.3 0.3 934 29 235 3 1960 44 18.1 0.7 
991 46.6 1.4 43.4 1.1 2.0 0.1 235 7 261 6 707 22 2.3 0.1 
996 46.4 0.7 34.4 1.1 8.4 0.3 784 24 249 6 1913 42 17.2 0.5 
1001 30.4 1.3 25.9 24.3 8.8 0.5 1014 41 306 6 2025 46 12.9 0.6 
1011 24.9 1.2 24.2 23.4 11.4 0.3 847 24 275 9 2470 38 12.6 0.3 
1016 20.4 0.9 18.2 17.5 4.2 0.3 502 25 278 7 1438 45 3.6 0.2 
1021 19.9 0.4 20.1 19.8 12.2 0.3 821 17 198 4 2314 26 11.6 0.2 
1026 19.5 0.4 17.5 16.7 12.0 0.4 831 20 240 6 2501 40 12.8 0.3 
1031 22.1 0.8 26.9 0.8 1.3 0.1 39 2 240 6 480 17 0.9 0.0 
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 [P] std dev [Ti] std dev [Sr] std dev [Al] std dev [Fe] std dev [Ca] std dev [Ba] std dev 
 umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g 
1036 30.3 1.2 33.8 32.5 10.0 0.3 1131 36 304 3 2251 33 20.7 0.6 
1041 32.7 1.2 41.2 39.7 8.9 0.3 742 16 407 6 1870 28 31.7 1.0 
1046 33.6 1.6 33.8 31.7 8.4 0.3 1209 31 332 7 2036 40 23.9 0.5 
1051 29.8 1.0 30.7 29.8 8.1 0.3 1307 47 344 6 2014 38 23.2 0.8 
1061 31.7 1.1 36.1 34.9 9.1 0.2 1626 31 402 6 1995 29 26.2 0.3 
1066 44.0 1.4 46.6 43.5 7.6 0.2 1322 27 410 5 2068 38 22.0 0.6 
1071 51.9 2.2 50.6 47.6 8.6 0.3 1565 37 503 15 2152 33 27.6 0.8 
1076 53.2 0.4 61.6 59.7 9.0 0.2 1814 48 523 11 2160 38 30.2 1.0 
1091 27.3 0.9 27.3 26.2 10.7 0.6 1404 50 411 10 2219 53 18.3 0.8 
1101 29.8 1.3 33.2 0.6 10.6 0.3 629 6 250 4 2125 30 11.9 0.2 
1111 18.4 0.6 23.1 22.4 12.3 0.4 1009 25 298 7 2523 37 8.9 0.2 
1116 25.7 0.8 37.0 35.4 10.7 0.3 1263 35 379 2 2366 36 10.8 0.3 
1121 26.4 2.0 37.6 35.5 9.3 0.3 1478 42 464 15 2262 32 12.8 0.3 
1131 35.9 2.2 46.6 2.1 6.1 0.2 1153 38 390 4 1632 28 14.8 0.5 
1136 38.0 1.3 52.4 50.2 7.1 0.2 1796 42 498 10 1823 31 27.8 0.7 
1141 38.7 1.0 38.5 29.1 6.7 0.2 1660 48 442 9 1767 31 23.6 0.9 
1146 36.8 1.6 47.6 45.3 3.4 0.2 333 12 525 16 829 26 1.7 0.0 
1151 38.0 0.5 42.4 40.5 6.5 0.2 1633 33 405 4 1727 20 26.2 0.7 
1161 42.5 1.5 45.9 43.5 6.3 0.2 1891 65 537 16 1699 36 26.2 0.9 
1166 39.9 0.6 43.6 41.9 7.8 0.3 1660 23 520 6 2036 44 24.7 0.8 
1171 28.5 1.5 28.5 27.0 12.3 0.5 1160 24 292 4 2183 35 15.7 0.5 
1181 42.6 2.0 51.4 49.5 7.9 0.1 1609 48 482 9 2022 40 25.4 0.6 
1186 47.7 1.6 54.5 0.8 3.2 0.2 99 4 165 5 1085 44 2.3 0.1 
1191 41.4 1.4 45.8 1.7 4.0 0.2 474 22 474 8 955 44 2.2 0.1 
1201 31.8 1.0 34.8 33.3 4.9 0.2 1420 52 413 11 1591 38 16.3 0.7 
1211 55.5 1.1 55.7 52.6 5.7 0.2 2153 60 603 9 1593 34 27.5 0.9 
1216 42.2 1.8 42.8 41.3           
1221 61.0 2.6 68.4 1.9 0.4 0.1 405 26 852 36 417 30 0.5 0.0 
1226 50.7 2.7 48.3 45.7 4.1 0.2 1809 50 516 11 1394 36 20.1 0.8 
1231 51.5 2.4 51.9 49.8           
1236 52.5 1.4 57.3 1.8 2.3 0.1 369 11 613 17 586 20 0.6 0.0 
1241 47.4 2.3 52.1 49.1 1.6 0.0 521 16 158 5 722 6 9.4 0.2 
1246 41.5 1.9 44.1 41.0 8.0 0.2 1838 45 462 6 1965 31 26.7 0.6 
1261 29.7 0.6 35.3 34.2 7.5 0.2 1265 39 388 6 2110 43 14.8 0.4 
1266 31.0 1.0 35.3 33.6 7.5 0.4 1445 64 411 13 2016 37 15.3 0.6 
1271 24.1 0.9 29.7 28.6 7.6 0.1 1226 21 283 3 1949 23 18.3 0.2 
1276 34.7 0.9 41.3 39.5           
1281 27.2 0.5 30.9 30.6 6.9 0.5 1517 100 488 13 1999 63 11.7 0.6 
1286 24.9 1.2 28.0 26.8           
1291 27.8 1.6 35.7 1.1 1.9 0.1 214 8 338 9 811 33 1.3 0.1 
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 [P] std dev [Ti] std dev [Sr] std dev [Al] std dev [Fe] std dev [Ca] std dev [Ba] std dev 
 umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g 
1296 31.3 0.8 38.0 0.7 6.4 0.3 862 30 280 6 1800 34 9.2 0.3 
1301 31.7 0.8 34.5 32.5 4.1 0.0 508 6 170 4 1563 9 9.2 0.1 
1306 37.6 1.5 40.6 38.4 6.2 0.2 1293 41 402 11 1901 39 17.2 0.5 
1311 33.0 1.8 24.7 9.4 9.1 0.3 1122 35 351 12 2327 46 13.5 0.4 
1316 28.7 1.1 28.3 0.9 2.7 0.2 450 14 233 5 1144 45 1.8 0.1 
1321 26.4 0.9 24.6 23.5 11.8 0.4 1121 19 268 4 2323 27 10.3 0.3 
1326 23.7 0.8 23.9 22.9 8.1 0.3 904 23 255 4 2224 40 8.0 0.2 
1331 29.5 1.1 29.0 27.9 7.5 0.3 1125 37 300 7 1961 36 11.2 0.4 
1336 46.2 1.5 45.2 42.8 8.2 0.4 1886 80 541 22 2013 41 18.3 1.0 
1346 43.4 2.3 43.5 41.3 8.2 0.2 2031 28 482 7 1946 28 26.9 0.6 
1351 33.7 0.8 35.4 34.3 4.7 0.1 1351 41 358 7 1504 31 19.5 0.5 
1356 70.6 3.5 61.5 56.5 6.0 0.2 2004 46 615 7 1742 40 28.8 0.7 
1361 56.6 2.2 56.4 54.6 5.4 0.2 1752 69 593 13 1704 39 20.6 0.6 
1366 62.8 1.3 67.7 63.6 4.5 0.1 2301 41 612 5 1188 22 31.9 0.5 
1376 55.8 0.9 59.2 56.3 4.2 0.2 1957 100 663 18 1376 51 20.2 0.6 
1381 63.0 3.3 58.3 55.6 4.5 0.1 2332 70 643 16 1231 24 30.1 1.0 
1386 59.5 2.0 65.6 64.4 4.0 0.1 2249 59 679 11 1098 23 26.9 0.7 
1391 57.5 2.2 62.6 59.3 4.2 0.1 2241 40 577 8 1164 22 28.2 0.3 
1396 58.1 1.9 63.6 2.0 2.4 0.1 870 40 797 33 611 23 1.4 0.1 
1411 61.2 1.0 79.0 2.4 4.0 0.1 1610 27 562 9 1203 25 23.0 0.6 
1416 31.7 0.6 46.6 45.9 4.7 0.2 1464 41 558 12 1554 44 17.0 0.9 
1426 42.4 1.0 64.1 62.0 5.0 0.2 2029 46 631 9 1613 40 22.2 0.3 
1436 38.9 0.9 60.1 57.4 6.0 0.2 1850 72 569 13 1778 39 20.7 0.7 
1456 45.8 1.4 68.9 65.5 4.2 0.1 2512 69 670 13 1247 30 27.1 0.8 
1461 50.5 1.2 72.6 69.5 4.1 0.2 2005 58 655 13 1242 31 23.2 1.1 
1481 51.1 1.6 66.3 63.5 4.3 0.1 2112 69 653 11 1281 35 22.6 0.8 
1486 67.6 2.2 73.8 70.7 3.9 0.2 2248 70 815 29 1181 31 22.9 1.1 
1496 38.6 0.9 55.7 54.0 5.4 0.2 2159 67 574 10 1528 38 24.3 0.9 
1501 41.3 0.5 57.1 55.2 7.6 0.2 1958 56 584 8 1937 31 24.7 0.6 
1506 49.5 1.8 67.5 65.0 6.4 0.2 1564 51 535 17 1804 36 16.0 0.5 
1511 49.3 1.0 60.1 9.0 3.4 0.2 280 7 655 15 768 29 2.7 0.1 
1516 51.5 1.6 66.9 1.7 2.4 0.1 311 15 746 26 608 29 2.7 0.1 
1526 82.2 1.8 63.7 60.7 6.1 0.3 2927 99 765 10 1533 39 31.8 1.4 
1531 93.8 1.6 75.2 72.5 6.3 0.2 2227 62 716 19 1662 31 27.9 0.5 
1536 42.8 1.2 27.5 26.3 9.7 0.4 1241 48 372 6 2140 46 15.7 0.6 
1541 54.7 1.6 34.9 0.9 9.2 0.4 836 29 248 2 1974 32 11.0 0.4 
1546 49.0 2.1 26.2 24.8 10.3 0.4 698 23 233 7 2189 43 8.8 0.3 
1551 53.4 1.6 27.2 26.1 11.5 0.5 823 40 278 11 2427 56 10.8 0.4 
1556 57.6 1.5 26.1 25.2 13.5 0.6 975 25 274 3 2473 37 14.0 0.4 
1561 76.9 1.8 30.8 1.2 8.6 0.2 327 5 131 1 1704 27 6.4 0.1 
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 [P] std dev [Ti] std dev [Sr] std dev [Al] std dev [Fe] std dev [Ca] std dev [Ba] std dev 
 umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g umol/
g 
umol/g 
1571 49.3 0.8 25.2 24.4 12.0 0.2 757 20 226 5 2405 38 9.7 0.2 
1576 36.6 1.2 17.0 0.3 11.3 0.3 458 16 125 2 2173 42 4.8 0.1 
1581 33.0 0.6 15.9 0.1 13.8 0.6 435 11 105 3 2333 39 5.3 0.2 
1586 27.7 1.5 13.3 12.9 7.7 0.5 257 7 152 3 1724 45 3.6 0.2 
1596 31.7 1.3 14.9 14.5 8.6 0.2 266 5 138 2 1725 34 5.4 0.1 
1606 34.4 1.1 14.7 0.5 2.7 0.1 5 0 126 5 279 9 0.6 0.0 
1616 40.1 1.1 20.0 0.4 7.7 0.3 155 4 84 2 1688 43 3.9 0.1 
1621 27.4 1.2 15.0 14.5 10.8 0.8 521 22 185 4 2151 61 5.4 0.3 
1626 32.3 1.8 17.8 17.0 13.5 0.7 573 17 154 2 2392 28 7.5 0.4 
1636 37.7 1.7 20.2 0.5 15.6 0.4 658 11 146 3 2436 28 8.0 0.2 
1646 38.7 1.1 20.5 0.6 12.5 0.4 729 18 183 4 2235 40 8.2 0.3 
1656 35.3 1.0 24.5 0.7 2.3 0.1 28 1 176 5 444 24 0.2 0.0 
1661 25.4 0.8 19.2 18.8           
1666 31.8 1.2 24.9 0.5 6.7 0.3 840 30 302 6 1744 39 8.7 0.4 
1671 26.5 1.1 20.6 0.5 8.1 0.4 180 7 112 4 1703 48 2.9 0.1 
1686 21.2 0.8 15.3 14.2 13.0 0.3 539 22 128 2 2373 40 6.6 0.1 
1691 18.3 0.8 13.3 12.4 12.8 0.8 481 13 141 4 2488 44 5.3 0.3 
1696 17.9 0.3 14.3 13.6 9.4 0.2 219 4 125 2 1831 32 3.5 0.1 
1701 20.9 0.8 20.9 0.5 4.9 0.2 2 0 91 3 652 22 0.8 0.0 
1711 16.9 0.7 14.5 0.3 5.3 0.3 14 1 57 2 1237 47 2.2 0.1 
1716 17.6 1.2 13.7 0.4 1.9 0.1   59 4 217 9 0.6 0.0 
1901 57.4 0.9 81.0 2.0 2.8 0.1 386 14 659 17 543 24 5.3 0.2 
1906 61.6 1.5 70.9 2.7 2.4 0.1 273 11 642 20 667 33 1.8 0.1 
1921 33.2 0.8 50.3 49.3 4.6 0.1 1763 45 537 9 1535 31 21.6 0.6 
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Appendix 2 
 
Sequential Extraction Results for MV0502-4JC 
 
Depth Authigenic 
P 
Oxide P Detrital 
P 
Organic 
P 
TOTAL 
P 
 umol/g umol/g umol/g umol/g umol/g 
1 5.49 2.84 0.93 1.78 11.04 
36 5.81 2.87 0.12 0.86 9.67 
71 5.46 4.10 0.20 0.85 10.61 
111 6.57 3.08 0.35 0.58 10.58 
116 6.02 3.59 0.28 0.72 10.60 
151 8.98 3.31 0.32 0.44 13.04 
166 7.55 2.27 0.14 0.27 10.22 
186 6.60 2.36 0.20 0.35 9.52 
191 6.75 2.87 0.17 0.34 10.14 
221 4.78 3.31 0.44 0.67 9.20 
336 5.15 3.30 0.40 0.45 9.30 
366 5.80 7.18 0.65 0.78 14.41 
376 4.56 5.79 0.49 0.76 11.60 
386 5.33 3.19 0.34 0.45 9.31 
426 5.48 2.89 0.17 0.35 8.89 
451 4.60 2.33 0.01 0.18 7.13 
471 5.27 2.13 0.09 0.12 7.62 
476 5.14 1.78 0.06 0.09 7.08 
531 5.95 4.41 0.47 0.55 11.38 
571 5.50 3.92 0.20 0.31 9.93 
581 6.41 4.23 0.11 0.45 11.19 
681 7.77 4.16 0.15 0.43 12.51 
696 4.82 4.67 0.31 0.38 10.17 
716 6.02 3.84 0.17 0.46 10.49 
741 5.34 5.38 0.22 0.54 11.48 
766 6.29 9.00 0.47 0.72 16.49 
786 5.03 6.69 0.54 0.41 12.66 
806 4.19 6.97 0.35 0.35 11.87 
811 8.36 7.87 0.31 0.47 17.01 
841 8.06 20.89 0.68 0.82 30.45 
856 5.54 26.42 0.73 0.87 33.56 
866 10.49 23.41 1.94 0.90 36.73 
876 5.58 29.34 1.59 0.66 37.17 
916 6.27 11.60 0.44 0.36 18.68 
921 4.99 13.12 0.43 0.34 18.89 
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